Abstract-The cell dimensions and compositions of four chlorites whose crystal structures have been determined in detail are used to test existing graphs and regression equations designed to give tetrahedral and octahedral compositions. It is found that the thicknesses of the tetrahedral sheet, the 2 : 1 octahedral sheet, the interlayer sheet, and the space between the 2 : 1 layer and the interlayer can vary appreciably from specimen to specimen quite independently of tetrahedral composition. Total octahedral composition, the number of octahedral vacancies, cation ordering, and the distribution of trivalent cations and of charge between the two octahedral sheets must have effects on d(001) that are additional to the effect of tetrahedral composition. Nevertheless, Brindley's d(001) graph and a regression equation by Kepezhinskas both should give tetrahedral compositions with an average error of 10%, or about 0.1 A1TM, for most trioctahedral chlorites. They are not valid for dioctahedral or di, trioctahedral species. Equations derived from the data of yon Engelhardt and of Shirozu relating the b parameter to octahedral Fe, Mn content give results with an average error of 10%, or 0.1 Fe, Mn, for the four test chlorites provided Cr is included with the Fe, Mn, as does a regression equation by Kepezhinskas that contains terms for both the b parameter and d(001). Methods using the (00/) intensities or structure amplitudes give less consistent results for heavy atom contents than the spacing methods, but can be used to give approximate values for the asymmetry in distribution of heavy atoms between the 2 : 1 octahedral sheet and the interlayer.
INTRODUCTION
THE (001) and (060) X-ray spacings have been cited extensively in the literature as empirical measures of the tetrahedral and octahedral cation populations of chlorite minerals. Increasing substitution of A1 for Si in the tetrahedral sites is said to decrease the layer thickness, measured by d(001) = c sin/3. Increasing substitution of the larger Fe 2+ ion for Mg or AI in the octahedral sites tends to increase the lateral dimensions of the layers, as measured by the d (060) value. An alternative method of determining octahedral compositions makes use of the greater scattering powers of Fe, Mn, Cr, and Ni relative to Mg and AI, as recorded in the relative (001) X-ray intensities.
Four trioctahedral chlorite structures have been refined in detail to date, and a di,trioctahedral chlorite has been refined to a lesser extent. Critical analysis of these structures shows that there are pitfalls in the use of the (001) and (060) X-ray spacings, although useful quantitative information can be obtained for most specimens. Relative (00/) intensities yield less reliable results than the spacing method for octahedral compositions.
TETRAHEDRAL SPACING GRAPHS
Graphs or regression equations relating d (001) to tetrahedral composition or to tetrahedral and octahedral composition have been given by von Engelhardt (1942) ; Bannister and Whittard (1945) ; Hey (1954) ; Brindley and Gillery (1956) ; Kovalev (1956) ; Nelson and Roy (1958) ; Shirozu (1958) ; Gillery (1959) ; Brindley (1961) ; Albee (1962) , and Kepezhinskas (1965) . The graph of Brindley (1961) for ferrous orthochlorites incorporates data from earlier workers and may be taken as representative. It is a straight line that can be expressed as d(001) = 14-55 , ~-0.29x (1) where x is the number of A1 atoms per four tetrahedral sites. Brindley states that a correction seems necessary for leptochlorites having more than 4.0% Fe203 and suggests the relationship d(001) = 14"55 ,A --0.29x-0-05Fe 3+.
(2) Albee (1962) has recast the available analyses in a slightly different form. He gives a straight line that corresponds to
where x=A1 w+Al w+Cr in atoms per 10 cations. This form of allocation recognizes that both tetrahedral and octahedral cations may affect d(001), but does not take into account the possibility that a full complement of 4-0 tetrahedral and 6.0 octahedral cations may not be present. Lapham (1958) gives curves for the effect of octahedral and tetrahedral Cr on d(007). Kepezhinskas (1965) has shown a statistical relationship between the basal spacing and total tetrahedral and octahedral analysis, and the unit cell parameters determined by least squares refinement of X-ray powder data. Major differences from the reported data were found both in composition (primarily Si, AI) and in certain cell parameters (primarily b) for the "corundophilite" and "prochlorite" specimens. Application of equations (1- 
Detailed structural refinements have been reported for k~immererite from Erzincan, Turkey (Brown and Bailey, 1963) , ripidolite from the Tazawa mine, Japan (Shirozu and Bailey, 1965) , prochlorite from Washington, D.C. (Steinfink, 1958 (Steinfink, , a, 1961 , and corundophilite from Kenya (Steinfink, 1958, b) . Chemical analyses have been reported previously for all specimens except the ripidolite. The variety names used here are those cited in the original publications. According to the classification of Foster (1962) , however, the ripidolite would be brunsvigite, the corundophilite would be sheridanite, and the prochlorite would be ferric sheridanite Because both the tetrahedral and octahedral compositions vary appreciably in these four trioctahedral chlorites, they may be used to test the reliability of equations (1-5). Preliminary testing using the published compositions and cell parameters, however, yielded poor agreement. For this reason samples of all four chlorites were obtained from the original sources. The compositions were determined by electron microprobe analysis, adjusted to give the same ratio of ferrous and ferric iron as present in the original wet chemical
The agreement between compositions determined by electron microprobe and those calculated from the revised d(001) values now can be considered reasonable for all of the equations tested. Only the prochlorite specimen contains enough ferric iron to test the correction factor in equation (2). For this specimen the correction is in the wrong direction, as the corrected value for AI TM of 1.15 is in poorer agreement with the probe analysis of 1.52 than is the uncorrected value of 1.40 from equation (1).
The average unweighted errors in composition, assuming the probe analyses to be correct, range from 7 to 10%, although there are individual errors ranging from 0 to 21%. The close agreement between observed and calculated values for several specimens probably is fortuitous. This is suggested by comparison of the results from the interrelated equations (4 and 5) from Kepezhinskas. For the kiimmererite and corundophilite specimens the A1 w values calculated by equation (5) It can be seen from the following chart that the thicknesses of the tetrahedral sheet, the 2 : 1 octahedral sheet, the interlayer sheet, and the space between the 2 : 1 layer and the interlayer can vary appreciably from specimen to specimen quite independently of tetrahedral composition. Other (Fig. 1 ). This effect has been noted previously by Hayashi and Oinuma (1967) from the positions of the OH absorption bands in infrared patterns of Fe-rich chlorites. Synthetic chlorites tend to have larger (001) spacings than natural chlorites of similar composition, and Gillery (1959) attributes this difference to an uneven distribution of cations between the two octahedral sheets in the synthetic products. Crowley and Roy (1960) have found that increasing pressure during synthesis decreases d(001), possibly as a result of Si,A1 ordering. Octahedral vacancies also may affect the (001) spacing, as in the oxidized prochlorite specimen that has only 5.41 total octahedral cations according to microprobe analysis.
Despite the discrepancies noted above, the use of d(001) graphs or regression equations will give reasonable tetrahedral compositions for most trioctahedral chlorites. This is attested by the agreement noted above for the four test chlorites and also by the fit of the points to the empirical lines in the publications cited. The examples cited serve as a warning that other sorts of structural variations may have noticeable effects on d (001) and that agreement better than 7-10% between observed and calculated AP v values should not be expected unless these structural variations can be taken into account.
All of the equations cited above were derived for trioctahedral chlorites and should not be applied to dioctahedral species. Eggleton and Bailey (1967) found that trioctahedral d(001) graphs predicted AI Iv values that were too high by 0.3-0.6 atoms for several analyzed dioctahedral chlorites. For a particular di,trioctahedral structure refined by these authors this discrepancy appears due primarily to a closer approach of the basal oxygens to the hydroxyl group of the interlayer than is found in trioctahedral species. This specimen of sudoite from the Tracy mine, Michigan, has a thin dioctahedral 2 : 1 layer and a rather thick trioctahedral interlayer sheet. For specimens with two dioctahedral sheets, a thinner interlayer sheet can be predicted. This would create an additional source of error in usage of the d(001) graphs.
OCTAHEDRAL SPACING GRAPHS
Von Engelhardt (1942) ; Brindley and MacEwan (1953); Hey (1954) ; Shirozu (1958) ; Radoslovich (1962); and Kepezhinskas (1965) have studied the dependence of d (060) 
The graph of Shirozu (1958) (8) and Radoslovich (9) equations are in poor agreement with the probe analyses. Shirozu (1958) points out that his calibration standards did not contain much Fe z+ , and it should be noted that the greatest absolute deviation using his equation (7a) is for the Fe3+-rich prochlorite specimen. The effect of the 0.59 octahedral vacancies in this specimen is not known. 
Tetrahedral A1 and Cr and octahedral Mg, Cr, and Fe 3+ were not found to have significant effects on the b parameter by Radoslovich. The data were insufficient for testing the effect of Mn 2+. Radoslovich suggests that the presence of two octa- Kepezhinskas (1965) has reported a statistical effect of tetrahedral Si on the b parameter, in addition to the effects of octahedral Mg, A1, Fe z+, and Fe 3+, b = 9"3274 kX --0"0094Mg --0-0195Si --0"022A1 vI + 0.0208Fe 3+ + 0.0241Fe z+.
Cr and Mn behave like Fe 3+ and Fe 2+, respectively. This equation can be combined with the previous equation (4) The results of calculating the b parameter and ferruginosity by these equations are shown below for the same four chlorites, after interconversion of KX and X units. determination of the ratios of structure amplitudes for different (00/) reflections theoretically should permit determination of total heavy atom content as well as degree of asymmetry. Petruk (1964) has presented similar information in graphical form using experimental (00l) intensities from randomly oriented powders rather than structure amplitudes. The degree of asymmetry in octahedral heavy atom distribution is determined from the ratio IooJloo5 and the total heavy atom b parameter Chlorite
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Equation (11) Equation (12 Brindley and MacEwan (1953) . The latter equation also takes into account both tetrahedral and octahedral substitutions, but yields calculated b values that are too small by 0.04-0.10 A for the test specimens (treating Cr as Fea+).
INTENSITIES OF BASAL REFLECTIONS Brown (1955) and Brindley and Gillery (1956) have calculated structure amplitudes for the (001) reflections of chlorite on the basis of different contents and distributions of octahedral heavy atoms (Fe+Mn+Cr). The two octahedral sheets are separated along Z by c/2. For this reason the scattered contributions from the two sheets are exactly in phase for the even orders of (001) so that these F values vary as a function of total heavy atom content, irrespective of distribution between sheets. If the heavy atoms are distributed symmetrically between the two octahedral sheets, the odd order F values are independent of octahedral composition due to exact cancellation of the scattered contributions from the two sheets. The odd order F values are then entirely due to the contributions from the tetrahedral sheets. For an asymmetric distribution of heavy atoms the odd order F values have an added contribution that is a function of the difference in scattering power between the two octahedral sheets. Experimental content from the ratio (Ioo2"+Ioo4)/1oo 3. In using the latter ratio for cases of asymmetrical heavy atom distributions the observed value of 1003 must be corrected to the value it should have for a symmetrical distribution. This is given by Oinuma, Shimoda and Sudo (1972) have plotted the relative intensities of the first three chlorite basal reflections on a triangular diagram to show graphically the effect of varying numbers of octahedral heavy atoms and of varying degrees of asymmetry. Their preferred graph is designed for randomly oriented diffractometer mounts with Cu X-radiation. It includes the spectrum of compositional possibilities from trioctahedral through dioctahedral species.
The published structure amplitudes (F) for the four test chlorites have been used to evaluate the Brindley and Gillery tables. Odd orders of (00l) were used to determine the degree of asymmetry and even orders for total heavy atom content. Alternatively, Schoen's recommendation (1962) The results are listed above.
Both the Brindley and Gillery tables and Petruk's curve give values of asymmetry (defined as the number of heavy octahedral atoms in the 2 : 1 layer minus those in the interlayer hydroxide sheet) that are approximately in agreement with those determined from the structural refinements, although not in detail. The best values for total heavy atom content are those given by Petruk's curve, but even these deviate from the microprobe analyses by an average of 19%. There are at least two reasons why these intensity methods fail to give better agreement with analysis both for asymmetry and heavy atom content.
(1) The calculated F and 1 values are based on ideal z parameters of the atoms. The actual z parameters differ from the ideal as a result of the compositional and structural variations in sheet thicknesses documented in a previous section of this paper.
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CONCLUSIONS
Based on comparison with the four test chlorites, both tetrahedral A1 and total octahedral heavy atoms can be estimated by X-ray spacing methods with an average error of about 10%, although individual determinations may be in error up to 20%. A 10% error for these specimens corresponds approximately to 0-1 atoms ofAP v or Fe 2+.
Tetrahedral A1 is estimated best by d(001) equation (1) from Brindley (1961) or equation (5) from Kepezhinskas (1965) . An estimate of Al TM + A1 w + Cr can be obtained with equal accuracy from equation (3) from Albee (1962) . Some caution must be used in such estimates because structural factors and octahedral composition may affect d(001) quite independently of tetrahedral A1 content. For example, the four test chlorites do not show a linear variation of d (001) with AP v, primarily as a result of the closer approach of the 2 : 1 layer and the interlayer with increasing heavy atom content (Fig. 1) . The corundophilite and ripidolite specimens have comparable AP v values, yet d(001) for ripidolite is 0.1 A smaller than that for corundophilite because of the large iron content of the former.
Total octahedral heavy atoms are estimated best by b parameter equation (6) derived from the data of von Engethardt (1942) , by equations (7a) and (7b) from the data of Shirozu (1958) , or by regression equation (12) from Kepezhinskas (1965) . Methods using the relative intensities or structure amplitudes of the basal reflections are not as accurate as the spacing methods because of (1) variation in the z parameters of the atoms independent of heavy atom content and (2) the extreme sensitivity of F and 1 to heavy atom content. Such methods are at present the only means short of structural analysis, however, for determining any asymmetry in the distribution of heavy atoms between the 2:1 octahedral sheet and the interlayer. Best results for asymmetry were obtained using the tables of Brindley and Gillery (1956) or the curve of Petruk (1964) .
